Objective: To estimate the habitual dietary intake distribution in a population on the basis of repeated short-term measurements, especially of multiple 24 h diet recalls. Methods: Six different statistical methods were evaluated and compared. The comparison referred to theoretical assumptions, admitted data transformations, statistical foundations, available software packages, and applications to real data of dietary intake. Results: The Nusser method and a simplified version of it proposed in the paper have proved to be universally applicable methods for estimating the usual intake distribution for food groups and nutrients. Also, the Buck method seemed to be a robust estimation procedure suitable for the description of food consumption data, whereas the other considered methods were only applicable for log -normally distributed intake data or required a comprehensive data simulation. Characteristics of the estimated usual intake distribution were a decreased standard deviation, increased lower percentiles, and decreased upper percentiles compared to the observed sample distribution of individual means. Empirical results concerning total fat and vegetable intake in three different European consumption surveys showed that the estimated percentiles of the usual intake distribution did not depend markedly on the number of sampling days. Conclusions: Repeated short-term measurements like 24 h diet recalls can be used to describe the habitual dietary intake distribution in food consumption surveys. Recommended is a sampling design of two non-consecutive sampling days. The sampling days of all participants should be selected in such a way that they cover all seasons and days of the week.
Introduction
An important task of food consumption surveys is to describe the distribution of usual dietary intake in the whole target population and in well-defined strata of the population. Here, usual intake of foods, food groups and nutrients is defined as the long-run average of daily intakes by an individual. The estimation of the intake distribution includes estimation of all percentiles and allows subsequent calculation of other statistical parameters like arithmetic mean, standard deviation and variation coefficient as well as testing hypotheses concerning usual intake. Thus, knowledge of the population distribution of usual dietary intake is crucial for food regulatory activities and for the description of food consumption patterns as a basic tool for research and monitoring programmes in nutrition. Furthermore, an improved estimation of the usual dietary intake distribution is important for calculation of population attributable risks and, therefore, for etiological research. During the EFCOSUM (European Food Consumption Survey Method) project in 2000=2001 the statistical problem of estimating usual intake distributions was emphasized and a working group dealing with the availability and efficacy of appropriate statistical methods was established. This paper contains the findings of the working group and related recommendations concerning planning design and statistical analysis.
In principle, there are two different ways to assess usual intake. The obvious way is to apply dietary assessment methods like a food frequency questionnaire (FFQ) or a diet history that are designed to assess the long-term average of daily intakes directly by the study participants. The other possibility is to carry out repeated short-term measurements like 24 h diet recalls or food records. Here, the variance of reported intake is inflated by additional day-to-day variation of individual dietary intake (Willett, 1998) . To estimate usual intake, the so-called intra-individual or within-subject variability of the data must be eliminated by an appropriate statistical procedure.
The application of FFQs for assessing and comparing usual dietary intake has been criticised by many authors in the last years (Briefel et al, 1992; Sempos, 1992; Kushi, 1994; Liu, 1994) because such questionnaires rely on subjects long-term memory and the individual capability of correct averaging. FFQs are country-specific and base on a selection of closed questions with predetermined food frequencies. Therefore, intake data obtained by different FFQs are often not directly comparable and can have considerable bias. These disadvantages should favour the application of standardized dietary recalls or food records which only rely on subjects short-term memory, are open ended and give a more detailed picture of the daily intake in a population, and leaves room for new developments in food intake. Although recent results have shown that energy and protein intake obtained by recalls or records are also biased compared to biomarker measurements (Martin et al, 1996; Sawaya et al, 1996; Kroke et al, 1999; Kipnis et al, 2001) , the size of systematic measurement error on a group level should be moderate compared to that of FFQs.
An example of a standardised open-ended quantitative short-term instrument is the 24 h recall EPIC-SOFT (Slimani et al, 1999) developed in the multicentre cohort study EPIC (European Prospective Investigation of Cancer and Nutrition). The 24 h recall requests information on all foods being eaten the day before with specifications regarding amount and type of food. The instrument has already been tested and applied in ten European countries (Slimani et al, 2000) and seems to be applicable to all study populations in Europe (Slimani & Valsta, 2002) . The version being applied is based on a highly standardized computer program and on a common food list.
The recommendation of the EFCOSUM project is to apply 24 h recalls in food consumption surveys (Biró et al, 2002; Brussaard et al, 2002) . Thus, usual intake distributions must be estimated by repeated recalls. In this paper we discuss and compare different statistical estimation procedures based on short-term measurements. Beside theoretical considerations, an empirical comparison of the methods is presented using repeated 24 h diet recalls of a German validation study. To demonstrate the efficacy of this approach for food consumption surveys, we applied the recommended method to data sets of three European food consumption surveys. All empirical results refer to total fat and vegetable intake to cover both nutrients and food groups.
Methods
Although the low accuracy and questionable validity of assessing long-term intake or long-term exposure by questionnaires has been known for a long time, statistical methods that are based upon repeated short-term measurements have been intensively studied only in recent years. Almost simultaneously, four different methods were proposed by Slob (1993) , Wallace et al (1994) , Buck et al (1995) , and Nusser et al (1996) , where the last method can be considered as an extension of the suggestions of the National Research Council (1986) of the USA. Recently, Gay (2000) suggested a further method, also discussed in this paper. The demand for developing such methods came mainly from practical problems in food consumption and environmental surveys, since only short-term (daily) measurements with acceptable reliability are available here, although long-term intake or exposure is of primary interest.
In Table 1 , the methods are roughly compared. They all have the common idea to eliminate the intra-individual variability of the short-term measurements or at least to negate its impact on the estimated usual intake distribution. It is known from statistical theory that the intra-individual variance component can be reduced if individual means of repeated measurements are used instead of single measurements. The intra-individual variability of the means decreases as the number of repetitions increases and finally vanishes if the number of repetitions reaches its maximum covering the whole period of interest. Naturally, it is impossible to have such a large number of repeated measurements. (Nusser et al, 1996) Normal after transformation Power=grafted polynomial Variance decomposition SIDE (SAS), C-SIDE (UNIX) Gay method (Gay, 2000) Normal 
where k is the number of repetitions,ŝ s 2 X X is the observed variance of the individual's mean intake andŝ s 2 e is the estimated average intra-individual variance. In terms of the analysis of variance (ANOVA), an often applied statistical procedure, the variance formula can also be written aŝ
where MSM and MSE are the model and error mean squares with a subject identifier as only independent model variable.
If there are different numbers k i of repetitions for the n subjects, the denominator k in equation (2) must be replaced by
to have an unbiased variance estimator (Donner, 1986) . Thus, we can estimate mean and variance of the usual intake distribution by the sample mean and the estimator given in equation (2), respectively. Unfortunately, the usual intake distribution cannot be constructed, in general, on the sole basis of mean and variance. However, in the special case of normal distributed data, both estimated parameters uniquely determine the whole distribution and, moreover, all percentiles can be calculated immediately from mean and variance by a simple equation. Buck et al (1995) shrank the observed variance to the estimated inter-individual variance and afterwards applied the simple percentile equation what is legitimate if the sample distribution is nearly normal or at least nearly symmetric. To leave the grand mean X X :: of the data as it was, we modified the Buck method somewhat in the subsequent applications, so that the percentiles of the usual intake distribution were calculated from the variables
where X X i: stands for the individual mean intake of the ith subject.
The methods of Slob (1993) and Nusser et al (1996) reduce also the variance of individual means by eliminating the intra-individual variance component, but include a preceding data transformation step to obtain approximately normally distributed data. Slob (1993) exclusively used the logarithmic transformation, whereas Nusser et al (1996) considered a broader transformation family and a subsequent refined approximation by a grafted cubic equation fit. The method of Gay (2000) is also based on data transformation, but the variance of the usual intake is determined by simulation of a 52-week sample. In the following, we also consider a simplified Nusser method called the S-Nusser method. Here, the two-parameter Box -Cox functions are used in the data transformation step. Moreover, an explicit formula for the back transformation, ie the transformation from the normal to the original scale, is applied, and consequently, the computational effort of the original Nusser method in approximating the back transformation can be avoided. The S-Nusser method is described in the Appendix and included in Table 1 . Generally, the data transformation not only renders the inter-individual distribution approximately normal, but also stabilizes the intra-individual variance (Box & Cox, 1964; Meloun et al, 2000) . Thus, the two model assumptions of the classical measurement model, normal distribution and equal intra-individual variances, should be approximately fulfilled in the transformed scale. Moreover, the Nusser method also handles the case of heterogeneous intra-individual variances remaining after data transformation.
The method of Wallace et al (1994) is somewhat different from the other ones. Here, the parameters of the interindividual exposure distribution (usual dietary intake distribution) will be determined by a number of equations for the geometric mean, the geometric standard deviation, and the arithmetic mean, all calculated for each combination of sampling days. The equations are based on the assumption that the inter-individual and intra-individual components are independent and both log -normally distributed. For more than two sampling days, the system of equations is overdetermined and can be solved by the method of least squares. However, this estimation procedure yields estimates for the variance components that are very unstable compared to that of the ANOVA procedure as shown in an extensive simulation study (Slob, 1996) .
The most flexible and efficient method is that of Nusser (Nusser et al, 1996 (Nusser et al, , 1997 Guenther et al, 1997) . The transformation process guarantees in most cases that the distribution of the transformed data is near to normality. However, the method requires considerable computational effort. Special software packages, SIDE and C-SIDE, developed at the Iowa State University can be used for application of this method. These packages allow initial adjustments for nuisance effects (eg day of the week, month, interview mode, interview sequence), can incorporate sampling weights, and allow for correlation in the case of consecutive sampling days. Moreover, C-SIDE is also applicable for foods and food groups that are not consumed daily, assuming that the probability of consumption is independent of the amount consumed (Nusser et al, 1997) . Although both packages are not expensive, the needed configuration (module SAS=IML for SIDE; UNIX and X Windows System for C-SIDE) impedes a widespread use.
On the other hand, the methods of Slob and Buck only need the ANOVA procedure available in all standard statistical Distribution of usual dietary intake K Hoffmann et al S55 software like SPSS or SAS. The S-Nusser method also needs the ANOVA procedure and an additional module for determining optimal data transformations to normality. Such a module as SAS macro can be obtained from the first author free of charge. The implementation of the Wallace method is somewhat time consuming, but also needs no special software packages. The Gay method, although based upon ANOVA, requires additional software to carry out simulations. Since these simulations are somewhat cumbersome and not precisely prescribed, we have not implemented the Gay method in the following empirical comparison study.
Results
Comparison of the methods in a validation study We applied five methods to estimate the usual intake distribution for vegetables and total fat by repeated 24 h diet recalls. The choice of vegetables and total fat was motivated by the desire to illustrate the effects for one food group and one nutrient both belonging to the relevant nutrition indicators identified in the EFCOSUM project (Steingrímsdó ttir et al, 2002) . To evaluate and compare the efficacy of the methods we needed a sufficiently large number of repeated short-term measurements. Therefore, we used data of a validation study carried out in Potsdam as part of the multicentre cohort study EPIC (Kroke et al, 1999) . Here, 12 computer-assisted standardized 24 h diet recall interviews were conducted by trained interviewers. The recalls referred to randomly selected non-consecutive days over 1 y, three recalls per season. The interviews were conducted on all weekdays except Fridays because of organizational restrictions. A total of 134 subjects, 59 women between 35 and 66 y of age and 75 men between 40 and 67 y of age, completed at least 10 recalls and were included in the present analysis.
In Table 2 , the results for total fat intake are presented. In the top half of the table, the sample distributions of the individual means of 24 h recalls are described for increasing number of sampling days. The four, eight, and 12 sampling days were formed by one, two, and three days per season, respectively, whereas the two selected days refer to summer and winter. As expected, the standard deviation decreases when the number of repetitions increases. The decrease of the standard deviation goes with an increase of the lower percentiles (P5, P10, P25) and a decrease of the upper percentiles (P75, P90, P95), whereas the arithmetic mean is almost constant over the different data sets.
In the bottom half of Table 2 , the usual fat intake distribution is estimated by five different methods on the sole basis of the two 24 h recalls selected before. Obviously, the estimated distributions are all very different from the sample distribution of the 2-day means, and rather more similar to that of the 12-day means. Formally, they can be considered as estimates of the sample distribution of 365-day means. With exception of the Slob method, the estimated usual intake distributions are markedly close to each other. The Slob method has the disadvantage of a missing correction for intra-individual variation in the back transformation with the serious consequence that the arithmetic mean and all percentiles are too small. The other four methods yield only remarkably different estimates for the skewness of the distribution. The Buck method always reproduces the skewness of the sample distribution of the used data set (2-day means), whereas the Wallace, the Nusser and the S-Nusser methods give some reduced values. However, in sight of an almost symmetric distribution of the 12-day means with a skewness of only 0.08, all applied methods seem to overestimate the skewness of the usual fat intake distribution in this example. Table 3 presents the results for vegetable intake. Note that the reduction of the standard deviation of the sample distribution for increasing number of repetitions is more pronounced for vegetable than for total fat intake. This can be explained by the higher ratio of intra-to inter-individual f The usual intake distribution was estimated on the basis of only two 24 h recalls. g The optimal Box -Cox transformation was a logarithmic transformation with location parameter equal to 40. h The intake values were initially adjusted to make means and variances of both days equal to the grand mean and a pooled variance, respectively (initial adjustments cannot be switched off in SIDE).
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variance which is 2.43 for vegetable intake compared to only 1.54 for total fat intake estimated on the basis of the 12-day data. As a consequence, the increase of the lower percentiles and the decrease of the upper percentiles for increasing number of sampling days is more striking in the case of vegetable intake. Surprisingly, the skewness of the sample distribution does not change markedly as the number of repetitions increases what means that the usual intake distribution is similarly skewed like the distribution of individual intake over a year. The Wallace method yields no positive-valued solution for the intra-individual variance, so that the usual vegetable intake distribution cannot be estimated. Also, the Slob method fails and gives an unrealistic estimated distribution with a too small standard deviation, a too small arithmetic mean, and a negative skewness. The failure of both methods can be explained by the violation of the assumption concerning the underlying distribution function. Actually, the used data are not log -normally distributed as demanded for both methods (Table 1) and as fulfilled approximately for total fat intake. Rather, the optimal Box -Cox transformation is a squared root function applied in the S-Nusser method. A further problem occurring in the case of vegetable intake is that about 10% of the reported intake values are zero. Since we only had access to the software SIDE and not to C-SIDE, we could not successfully apply the Nusser method to the data. Thus, only the results for the Slob, SNusser and the Buck methods are represented in Table 3 . Note that the estimated usual intake distributions of the Buck and the S-Nusser methods are strikingly similar. Obviously, the simple Buck method is markedly robust against departures from normality.
Application to European food consumption surveys
We applied only the S-Nusser method to three different food consumption surveys conducted in France, Belgium and Sweden. In all three surveys, the dietary intake was assessed by food records of seven consecutive days and, moreover, data for total fat and vegetable intake were available. A total of 1474 subjects older than 14 y participated at the French survey INCA conducted in 1998=1999. The Belgian survey was conducted in Gent as part of a multicentre study during the years 1997=1998 (Lambe et al, 2000; De Henauw et al, 2001) . Here, 338 teenage subjects (14 -18 y) completed the survey. The Swedish dietary survey was conducted in 1997=1998 with 1211 adults (Becker, 1999) .
To take up and explore the question of the number of sampling days needed, we estimated the usual intake distributions not only on the basis of all 7 days, but also on a reduced data basis of 2 days. Clearly, the means of two distinct data sets differ because of nuisance effects, such as day of the week and interview sequence. To reduce the impact of nuisance effects on the estimated percentiles, the 2 days were selected in such a way that the mean intake over this shorter sampling period was nearly equal to the grand mean determined over all 7 days.
The results for total fat intake in the three considered European surveys are given in Table 4 . While the standard deviation of the 2-day means were between 33.2 and 34.9 g=day in the three surveys, the 7-day means were characterized by a reduced standard deviation between 26.1 and 27.4 g=day. A further reduction should be expected for the usual intake distribution ending up with a value between 20.5 and 25.4 g=day. The expected standard deviations differed not markedly between the used data sets of 2 and 7 days. Table 5 presents the sample and estimated usual intake distributions for vegetable intake. As already seen in the German validation study (Table 3 ) the variance reduction in the sample distribution as the number of sampling days increases was more pronounced for vegetable than for total fat intake. There is a large day-to-day variation of the individual consumption of vegetables that differs somewhat between countries. In contrast to total fat intake, some zero daily intakes were reported by few individuals. Supposing that the individuals with only zero daily intakes during the sampling days are not really non-consumers of vegetables, The optimal Box -Cox transformation was a square root transformation with location parameter equal to 22.
Distribution of usual dietary intake K Hoffmann et al S57 we did not separate the zero values and applied the S-Nusser method to all data. Although the distributions of the transformed vegetable intake were significantly different from normality, they were at least symmetric. Apparently, the applied formula for the back-transformation (Appendix) holds also for symmetric non-normal error distributions in the transformed scale as can be seen by the arithmetic means in Table 5 which are the same for the original and the back-transformed data. This feature can be interpreted as a robustness property of the S-Nusser method.
Discussion
Although describing the long-term habitual dietary intake in a population is the primary objective in food consumption surveys, preferred assessment methods like dietary recalls and food records refer only to very short periods. To fill the gap between short-term measurements and longterm exposure, some appropriate statistical procedures evaluated in the paper can be applied. Theoretical considerations and empirical results indicate that the Nusser and the proposed simplified Nusser method are suitable to estimate the usual intake distribution in a population for a broad class of normally and non-normally distributed food-groups and nutrients. Also, the simple Buck method seems to be a robust procedure applicable for intake data in which intraand inter-individual variation have a similar degree of non-normality. On the other hand, the methods of Slob and Wallace can fail seriously if the assumption of lognormality is violated. 
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To apply one of the recommended statistical methods in a food consumption survey, repetitions of daily measurements are necessary. The necessity follows from the need to estimate both intra-and inter-individual variance components. On the other hand, this paper demonstrated that estimated percentiles of usual intake are similar for 2 and 7 survey days and, therefore, more than two repetitions per individual seem to be superfluous as far the total number of sampling days is sufficiently large. Gay (2000) calculated 95% confidence intervals for estimated percentiles of usual intake by simulation and showed that the width of the intervals differed not markedly for 2, 4, and 7 sampling days. The knowledge that only 2 days per individual are necessary can help to reduce the costs of a forthcoming survey. However, a further reduction of costs by strong logistical restrictions in selecting the two sampling days should be avoided. It is important that the sampling days cover all seasons and all days of the week. The best sampling design is based on a simple random selection procedure of the sampling days. If the sample size is not too small, the randomly selected days should be representative for the period of interest. If simple random sampling is not feasible and an unequal distribution of seasons and days of the week is evident, the data should be adjusted for significant nuisance effects by linear regression (Nusser et al, 1996) or should be weighed to achieve equal sums of weights for each season and each day of the week (Gay, 2000) .
The recommended number of 2 days refers solely to the problem of estimating the usual intake distribution. If the objective of the study is to assess the individual's usual intake or to rank individuals by their usual intake, which is important in nutritional epidemiology, a higher number of daily measurements is required (eg Basiotis et al, 1987; Bellu et al, 1995; Nelson et al, 1989; Hartman et al, 1990 ; see also Volatier et al, 2002) . In general, the minimum number of days required for estimating individual usual intake ranges from 3 to 10 days for energy and macronutrients, whereas 20 -50 days are needed for food components with large dayto-day variation, such as cholesterol and vitamins A and C (Buzzard, 1998) .
Although dietary surveys were usually conducted on consecutive days so far, non-consecutive sampling days in different seasons should be preferred. A sampling design based on adjacent days can result in over-estimation of the population variance of usual intake and under-estimation of the intra-individual variance if dietary intake varies markedly across seasons. This can be easily seen in the extreme case of a homogeneous population with equal usual dietary intake for all individuals, but different intakes in seasons. Here, the seasonal variation of dietary intake can be misinterpreted as inter-individual variance in a planning design of consecutive days. Because consecutive days belong to the same season, in general, seasonal variation of individual intake is not observable and not predictable. Moreover, Tarasuk and Beaton (1992) showed that mean intake estimates derived from samples of consecutive days were less reliable and more likely to be biased than those based on randomly selected non-consecutive days using the complete 365 days data of the Beltsville One-Year Dietary Intake Study. Hartman et al (1990) showed that consecutive-day intakes are more highly correlated than non-consecutive-day intakes and, consequently, the correlation with true usual intake is reduced in surveys based on consecutive days. If only two or three consecutive days were selected and the correlation coefficient of adjacent days was estimated before, the Nusser method can be modified as implemented in the software packages SIDE and C-SIDE.
The problem investigated in the paper was that of estimating the habitual intake distribution in the whole population. To illustrate the approach, the distributions of total fat and of vegetable usual intake were estimated for diverse study populations with different sample sizes. The described procedure can be applied to other nutrients and food groups that are consumed daily or at least almost daily by all individuals. For special foods or food groups that are consumed rarely or only by a part of the population, the expected number of reported days with zero intakes will be large. For such intake data, Nusser et al (1997) recommended a three-step procedure that was also implemented in C-SIDE (1996) . Here, at first the distribution of food consumption probabilities is estimated from the observed numbers of zero and non-zero intakes. Secondly, the usual intake distribution for consumption days only is estimated from the observed positive intake values. In the third step, the usual intake distribution for all days is estimated from the joint distribution of consumption day usual intakes and individual consumption probabilities assuming that the amount of consumed food is independent of the frequency with which the food is consumed.
Another approach to handle intake data of non-consumers could be based on an additional source of information, eg the question whether a person is non-consumer of a special food or food group as part of a short questionnaire. The additional information enables us to separate non-consumers and consumers, and a slightly modified S-Nusser method (Appendix) can be applied. Note that it is not possible to identify non-consumers only by zero intakes over all sampling days without additional information source because such identification depends on the number of sampling days. It is well-known that the percentage of individuals with at least one consumption day increases when the number of sampling days will be increased (Löwik et al, 1999; Lambe & Kearney, 1999; Lambe et al, 2000) .
Conclusion
Because the daily variation of food and nutrient consumption on the individual level is considerable and often higher than the long-term variation between individuals, appropriate statistical methods that eliminate the intraindividual variance component must be applied if usual Distribution of usual dietary intake K Hoffmann et al S59 intake distributions are estimated on the basis of daily measurements. The recommended methods can be applied for a broad class of symmetrically and skewed distributed intake data and allow the estimation of all percentiles of the unknown population distribution. They are useful for the statistical analysis of food consumption data and can be applied to surveys with repeated daily measurements. Only two repeated measurements are necessary in applications, but the whole of all sampling days should cover all seasons and days of the week.
